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Abstract 
Wrinkling in sidewall for curved surface part is a big obstacle by traditional deep drawing, and which severely influence the 
surface quality and service performance of part. The pre-bulging hydromechanical deep drawing process was introduced on 
wrinkles controlling of a complicated curved surface part, effects of pre-bulging pressure and chamber pressure on behavior of 
wrinkles were investigated both by experiments and numerical simulations, the mechanism of pre-bulging process on wrinkles 
controlling was discussed by plastic stress and strain analysis. The study shows that the pre-bulging hydromechanical deep 
drawing process can be used to eliminate wrinkle by reducing the tangential compressive stress on unsupported region and 
increasing the area of sheet adhered to the punch surface. Furthermore, higher pre-bulging pressure can increase tangential 
plastic strain of unsupported region and have the biaxial tension effect, which result higher ability of avoiding wrinkles of the 
blank on unsupported region. 
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1. Introduction 
Wrinkling is one of the main failure modes in deep drawing of sheet metals. Especially for the blank thickness is 
much smaller than the blank size, wrinkles often occur in the flange or sidewall region of the deep drawn part. 
Wrinkling is a kind of local bucking of sheet metal which is formed by excessive compressive stresses. In deep 
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drawing process of curved surface part, when the tangential stress caused by the compression deformation of sheet 
along circumference direction is bigger than the critical wrinkling stress, the severe instabilities and wrinkles are 
unavoidable in the part surface (Mohammad et al., 2011and Wang et al., 2000).  
Nomenclature 
sV  yield strength 
bV          fracture strength 
rV          radial stress 
TV          tangential stress 
fV          radial stress caused by flange deformation 
PV          surface friction force of sheet with binder and die 
wV          bending force caused by binder radius 
pV          deformation force caused by pre-bulging 
P           friction coefficient 
O            scale factor of friction force 
E           effect coefficient of middle principal stress 
Q           blank holder force 
p           liquid pressure 
U          radius of curvature by pre-bulging 
t            thickness of sheet 
iR           radius of blank size 
1r            radius of die opening 
0r            radius of tangential circle at point O 
br            radius of binder corner 
However, wrinkling in the sidewall is far more serious than that in flange area, for the sheet is on the 
unsupported condition between the gap of punch and die. In the past years, many methods were proposed, such as 
increasing of blank holder force, using drawbeads, multi-pass deep drawing method and so on (Yagami et al., 2007; 
Anupam et al., 2007). The principle of these methods is all focus on increasing of radial stress and decreasing of 
tangential stress in order to absorb extra materials of the unsupported region. However, the method is limited on 
controlling wrinkles especially for some low plasticity aluminum alloy sheet, for the maximum elongation is 
restricted by the tension strength of blank on unsupported region, higher radial stress usually results serious 
thinning and even fracture on the sidewall. 
Recently, studies have shown that hydromechanical deep drawing is helpful on the controlling of wrinkles by 
using liquid pressure by contrast with traditional deep drawing (Nakagawa et al., 1997; Nader et al., 2005; Liu et al., 
2011). However, the effect of liquid pressure on wrinkling behavior is discussed very little, and the most important 
thing is there’s a limitation on wrinkles controlling for complicated curved surface part by only hydromechanical 
deep drawing process. The relationship between wrinkles and loading path by hydromechanical deep drawing is 
also a problem need to be solved especially for complicated parts. 
In this paper, the hydromechanical deep drawing with pre-bulging process was introduced to study the problem 
on wrinkles controlling of curved surface part, the stress state of sidewall was analysized, and the procedures by 
pre-bulging hydromechanical deep drawing were investigated both by experiments and numerical simulations. 
Effects of pre-bulging pressure and chamber pressure on wrinkles controlling were discussed, the mechanism of 
pre-bulging process on wrinkles controlling was discovered by plastic stress and strain analysis. 
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2. Hydromechanical deep drawing with pre-bulging process 
The hydromechanical deep drawing with pre-bulging process of complicated surface part was developed. In 
order to investigate the effect of chamber pressure and pre-bulging pressure on wrinkles in unsupported region, the  
study procedure was divided into two steps: 1) Investigation on the effect of chamber pressure (pb) ranging from 5 
MPa to 30 MPa on the wrinkles, then the optimum chamber pressure was selected for the next step. 2) 
Investigation on the influence of the tangential stress and strain on wrinkles by pre-bulging pressure (pa) ranging 
from 1 MPa to 5 MPa under the above optimum chamber pressure, and by which the optimum pre-bulging 
pressure can be determined and used for the study of stress and strain in different forming stages. The procedure of 
pre-bulging hydromechanical deep drawing is shown in Fig. 1, and the loading paths of pre-bulging pressure and 
chamber pressure is shown in Fig. 2.  
 
 
 
                         
 
                                                
            
Fig. 1. Procedure of pre–bulging hydromechanical deep drawing.                  Fig. 2. Loading paths of pre-bulging hydromechanical 
                       deep drawing. 
3. Stress analysis 
Wrinkling on unsupported region is highly affected by stress distribution in sidewall area of the deep drawn cup. 
For a hemispherical deep drawn part, there are two distinct regions in sidewall area and which can be separated by 
the point O, at where the tangential stress value equals to zero. For the first segment near the punch corner, sheet 
metal is deformed in stretching mode. For the second segment near the sidewall and flange, the sheet metal is 
deformed in deep drawing mode. When compressive tangential stress caused by deep drawing mode is bigger than 
the critical wrinkling stress, the severe instabilities and wrinkles are unavoidable in the sidewall. Therefore, proper 
determination of the second segment boundaries, 0r , is of a great importance for validity of results. 
When sheet metal is deformed by hydromechanical deep drawing with pre-bulging process, the stress state of 
unsupported region is much different from that by conventional deep drawing. The deformation state for the 
hemispherical part by is typical shown in Fig. 3. The total radial stress can be calculated by Eq. (1),  
( )r f w pPV OP V V V V    ,                                                                                                                       (1) 
where fV  is the radial stress caused by flange deformation, PV  is the surface friction force of sheet with binder and 
die, wV  is bending force caused by binder radius and pV  is deformation force caused by pre-bulging. Here, 
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From Eq. (3), it can be seen that 0r  increase with the increasing of liquid pressure. 
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Fig. 3. Schematic of pre-bulging hydromechanical deep drawing process. Fig. 4. 3D model of a complicated curved surface part. 
4. Experimental studies and finite element analysis 
A complicated surfaced part with curved profile was built for this study. The curved surface and the semi-
circular corner is the most complicated shape should be produced with good surface quality and without wrinkle, 
as show in Fig. 4. The part is deformed by using aluminum alloy 2A12 sheet with a thickness 1.0mm. To achieve a 
better understanding of the deformation during the pre-bulging hydromechanical deep drawing process, the 
numerical study was performed using the finite element code LS-DYNA3D. For the symmetrical features, a 
quarter-model was used for the simulation work.  
The experimental setups are composed of three parts: punch, blank holder, liquid chamber used as drawing die 
at the same time. The tools are mounted on a double action hydromechanical deep drawing machine manufactured 
by Harbin Institute of Technology. The machine includes a double action hydraulic press of 13000 kN capacity and 
a hydromechanical deep drawing system of the maximum fluid pressure 100 MPa. The table size of the machine is 
2800mm×2500mm, and the maximum fluid volume supplied by the intensifier is 90L. What’s more, all the process 
parameters for sheet hydromechanical deep drawing, such as drawing displacement, blank holder force and fluid 
pressure can be given accurately by the numerical controlling system, and which can be used to fulfill the pre-
bulging hydromechanical deep drawing process very easily. 
The workpieces deformed by hydromechanical deep drawing without pre-bulging for chamber pressure pb = 5 
MPa and pb = 30 MPa are shown in Fig. 5. Wrinkles can be found obviously in the unsupported region along 
longitudinal direction for the higher tangential compressive stress of unsupported sidewall when chamber pressure 
is below 5 MP, as shown in Fig. 5a. Although, there are some minor with the increasing of chamber pressure, 
wrinkles can not be eliminated absolutely. When the chamber pressure is above 30 MPa, both wrinkling along 
longitudinal direction and cracking along tangential direction can be found for higher bulging deformation by very 
high chamber pressure and severely thinning of sheet by very high longitudinal tension stress. 
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a) Workpiece with wrinkles (pb = 5 MPa)                              b) Workpiece with wrinkles and crack (pb = 30 MPa) 
Fig. 5. Workpieces deformed by hydromechanical deep drawing without pre-bulging.  
The workpieces deformed by pre-bulging process obtained from experiments for pre-bulging pressure pa = 3.5 
MPa and pa = 5 MPa are shown in Fig. 6. The unsupported region of sheet is bulged upward to the punch, as a 
result, the area of unsupported region is reduced and more area of sidewall is attached to the punch surface in the 
drawing process. 
                                       
       a) pa = 3.5 MPa                                                                            b) pa = 5 MPa 
Fig. 6. Workpieces deformed by different pre-bulging pressures. 
The workpieces deformed by subsequent hydromechanical deep drawing with different pre-bulging pressure for 
chamber pressure pb = 15 MPa are shown in Fig. 7. Wrinkles can be found obviously in the unsupported region 
along longitudinal direction for pre-bulging pressure pa = 1.0 MPa, as shown in Fig. 7a. When pre-bulging 
pressure increases to 3.5MPa and 5MPa, the wrinkle defect on unsupported region is eliminated absolutely with 
very smooth curved surface, as shown in Fig. 7b and Fig. 7c.  
                              
a) pa = 1 MPa                                                  b) pa = 3.5 MPa                                            c) pa = 5 MPa 
Fig. 7. Workpieces deformed by different pre-bulging pressures (pb = 15 MPa). 
The distributions of tangential stress calculated with punch stroke in the point of unsupported region by finite 
element analysis with chamber pressure pb = 15 MPa are shown in Fig. 8. As the punch stroke increases, the 
tangential stress maintains compressive stress and decreases to the bottom at 25% of total punch stroke (20 mm) 
and then increases until the end of forming. As the pre-bulging pressure increases from 1.0 MPa to 3.5 MPa and 5 
MPa, the minimum value of tangential compressive stress increases from -169 MPa to -140 MPa and -108 MPa 
respectively. As a result, wrinkles in the unsupported region are eliminated totally when pre-bulging is above 3.5 
MPa. 
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a) Tangential stress changing with punch stroke             b) Deformation behavior of unsupported region (punch stroke is 20mm) 
Fig. 8. Effect of pre-bulging pressure on tangential stress and wrinkling. 
The ‘Zero’ point of tangential stress value for different pre-bulging pressure calculated from simulation is 
shown in Fig. 9. When pre-bulging pressure increases form 1.0 MPa to 3.5 and 5 MPa, the radius of tangential 
circle at point O increases from 0r  = 72.68 mm to 0r  = 73.40 mm and 0r  = 77.55 mm, which means the ‘Zero’ 
point of tangential stress continually moves up in the unsupported region of sidewall. This result can explain why 
the wrinkle of unsupported region was controlled when the pre-bulging hydromechanical deep drawing process is 
used. 
 
Fig. 9. ‘Zero’ point of tangential stress (punch stroke: 33.6 mm). 
The strain distributions of the points along XOZ cross section obtained from the finial workpieces by pre-
bulging pressure pa = 3.5 and 5.0 MPa are shown in Fig. 10. Both radial strain and tangential strain are tension 
strain, and the value of radial strain and tangential strain for pa = 5.0 MPa is higher than those for pa = 3.5 MPa. 
Furthermore, the tangential strain on unsupported region is much higher than that of bottom centre region when 
pre-bulging pressure pa = 5.0 MPa, which results higher ability of avoiding wrinkles of the blank on unsupported 
region by biaxial tension. 
The improvement of wrinkling could be attributed to several factors. One explanation is when the sheet is 
bulged toward punch and followed by a deformation in the opposite direction; the bending and reverse bending 
deformation cause a work harden effect. Depending on the amount of the work hardening, the resistance of the 
sheet to wrinkle on unsupported region will increase. Another reason for the improvement could be that when the 
initial bulging occurs it creates more material attached to the punch surface in comparison with conventional deep 
drawing. 
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                     a) Radial strain                                                                                      b) Tangential strain 
Fig. 10. Strain distributions of finial workpiece by pre-bulging process along XOZ cross section. 
5. Conclusions 
For the hydromechanical deep drawing process of curved surface part, wrinkling occurred on the unsupported 
region can not be completely avoided only by chamber pressure. The chamber pressure can be used to reduce the 
wrinkle to a certain extent, however, higher chamber pressure will result crack on unsupported region caused by 
higher tension stress. Pre-bulging hydromechanical deep drawing process can be used to eliminate wrinkle by 
reducing the tangential compressive stress on unsupported region, and increasing the area of sheet attached to the 
punch surface. Furthermore, higher pre-bulging pressure can increase tangential plastic strain of unsupported 
region and the pre-bulging results biaxial tension effect which results higher ability of avoiding wrinkles of the 
blank on unsupported region. The ‘Zero’ point of tangential strain value moves up in the sidewall with increasing 
of pre-bulging pressure, this is the reason of the wrinkles on the unsupported region can be controlled when the 
pre-bulging hydromechanical deep drawing process is used.  
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